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Experiments have been performed to determine the effect of deuterium plasma exposure on mirrors
fabricated from Zr4; 5 Ti13.8Cuy25NijgBezy s alloy (Vitraloy 1, V1) in both the amorphous and crystallized
state. It was found that for deuterium ion fluences above ~2.6 x 10?4 ions/m?, cracks and chips appeared
on the surface of the crystallized mirrors. At a factor of two higher fluence, 5.2 x 10?4 ions/m? of 60 eV

ions, one specimen disintegrated into many fragments. The mirror specimens kept in the amorphous
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state, however, were not observed to have experienced any visual changes even after exposure to ion
fluences as high as 1.5 x 102> ions/m2. The difference in behaviour is explained as being due to hydrogen
embrittlement, and differences in hydrogen transport between the two alloy states.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Bulk amorphous glasses (BAGs) including amorphous metal
alloys (AMAs) have been the subject of experimental study for
nearly two decades [1,2]. More recently, they are beginning to find
practical uses in applications where there is a need to have materi-
als with unique properties [3,4]. Among the most promising AMAs
are alloys based on zirconium [5-7], as they possess a low criti-
cal cooling rate, which allows for the production of moldings of
a sufficiently large size. At the same time, it has been found that
specimens fabricated from these alloys have become brittle after
saturation with hydrogen [8], a property common to other Zr-alloys
[9].

Due to their high fracture toughness and hardness, and good
homogeneity (e.g. [4]), BAGs may find useful application as mirrors
in situations requiring dimensional stability and the maintenance
of surface quality under extreme conditions. Metallic mirrors are
integral parts of many plasma diagnostic systems in current and
future fusion devices [10]. When such mirrors are located in erosion
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(as opposed to deposition) zones in a tokamak, they may be eroded
due to bombardment by charge-exchange atoms (D°, T°, He®) with a
wide energy distribution [11]. In previous papers [12-14], we have
reported the results of investigations of the surface morphology and
optical properties of mirrors fabricated from the amorphous alloy
Zr41Tii38Cuq25NijgBeyy 5. Those experiments were intended to
model the behavior of mirrors in the ITER tokamak. The mirror
specimens were exposed to ions from deuterium and argon plas-
mas, but to limited ion fluences. In the current paper, we have
extended the ion fluence range to further investigate the hydrogen
embrittlement properties of this AMA.

2. Experiment
2.1. Zr412Ti138Cus25NijoBess s materials

The starting point for specimen preparation was the casting of billets from the
constituent metals. The primary metal components had purities >99.9 wt% and the
melting procedure was done in an arc smelting chamber with a nonconsumable
electrode inside the cavity of a water-cooled copper mould. The shape and size of
the billets was determined by the shape of the cavity, and the quantity of material
used. Typical size and weights for the billets were 25-28 mm diameter, 12-14 mm
thick, and weight ~25 g. Electroerosion machining was used to cut individual spec-
imens from the billets. Each billet was cut into two disc specimens with diameter
22 mm, thickness ~4 mm and weight ~8.5 g. One of each pair of discs was annealed
in vacuum at 773K for 1h in order to transform the amorphous structure into a
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Table 1

Weight loss of the crystallized specimen AMC-1 measured following exposure to ions of Ar and D plasmas.

Exposure number Working gas Ion energy (eV) Exposure time (min); (ion Mass loss (j.g)
fluence, 10%3 ions/m?)

1 Ar 200eV 60(3.17) 1970

2 Ar 500eV 15(0.74) 1195

3 Ar 1000eV 5(0.35) 980

4 D, 1000eV 20(1.57) 0

5 D, 1000eV 30(2.35) 20

6 D, 1000eV 30(2.35) 130

7 D, 1000eV 30(2.35) 560

8 D, 1000eV 40(3.14) 265

9 D, 60eV 180(14.1) 2900 (Chips, see. Fig. 2)

fine crystalline structure; the transition was demonstrated by means of an X-ray
diffractometer. One surface of each specimen was ground and polished with grad-
ual decrease of the abrasive grit size to a high quality mirror finish. The use of mirror
pairs cut from the same billet insures a direct comparison between the behavior of
the amorphous and crystallized specimens when exposed to deuterium plasmas.

2.2. Plasmaion exposure

Plasma exposures were carried out in the DSM-2 facility described in Ref. [15].
Mirror specimens were exposed to ions extracted from a deuterium plasma (in some
cases from an argon plasma) by applying a negative potential to a water-cooled
copper specimen holder. Typical plasma parameters for the electron-cyclotron res-
onance (ECR) plasmas were Te ~5eV and ne ~ 101 m~3. The accelerating voltage
could be varied in the range 40-1500V, and the exposure times varied from 5
to 60min for Ar plasmas, and 20-1760 min for D plasmas. After each exposure,
specimens were weighed with an accuracy of 25 pg, and the spectral reflectance
(wavelengths: 220-650 nm) was measured ex situ. As a rule, for deuterium ion ener-
gies below 1000eV a mass gain was observed, despite evidence for sputtering for
ion energies >300 eV [14]. Some specimens were also subjected to laser ablation to
measure the D content in the ablated layers.

3. Results

Fig. 1 (reproduced from Ref. [13]) shows the results of X-ray
diffractometer measurements for one pair of specimens (AMA-0
and AMC-0). The relative intensity of X-ray reflections for the unan-
nealed specimen (AMA-0) has a characteristic diffusive maximum
typical of an amorphous structure. Vacuum annealing of specimens
to 773K significantly changes the diffraction pattern, with sharp
peaks now appearing, indicating a crystalline structure (AMC-0).

The behaviour of the mirror specimens under ion bombardment
was dramatically different for the crystallized mirrors as compared
to the amorphous ones [14]. Bombardment with Ar ions resulted
in the development of surface roughness, and a corresponding
decrease in reflectivity for the AMC specimens, but had no measur-
able effect on the AMA specimens, either on microrelief or on the
optical properties. Exposure of crystallized specimens to deuterium
ions led to the appearance of chipping, and even the destruction

Intensity, rel. units
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Fig. 1. Results of X-ray diffraction measurements for the specimens AMA-0 (amor-
phous) and AMC-0 (crystallized by annealing at 773 K for 1 h). Both specimens were
machined from the same billet [13].

of one specimen. For the amorphous specimens, only a continu-
ous increase in weight was observed, due to deuterium absorption,
again, without change to the optical properties.

Table 1 shows the mass losses observed for one of the crys-
tallized specimens, AMC-1, following various ion exposures. It is
noted that all specimens were first cleaned with low-energy deu-
terium ions (15 min, ion energy 60 eV) prior to any measurements
in order to remove the organic film remaining on the surface after
polishing and washing. This cleaning procedure is not counted as
an exposure.

During the first three exposures to Ar ions, the specimen lost
4.15mg or about 1.8 wm thickness. During the subsequent 5
exposures to 1keV deuterium ions, there is a mass loss of ~1.0 mg
which would correspond to a decrease in thickness of ~0.42 pum;
however, the irregular loss in mass with exposure time indicates
other processes are occurring. Following the 9th exposure, to a
high fluence of low-energy deuterium ions, there was a mass loss
of 2.9 mg, and the specimen surface showed evidence of chipping,
see Fig. 2. As seen in the photos, the structure of the chips is typical

Fig. 2. SEM microphotos of the surface of specimen AMC-1 after the 9th exposure shown in Table 1. Total ion fluence ~2.6 x 1024 jon/m?.
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Table 2

Exposure conditions and weight changes for amorphous (AMA-3) and crystallized (AMC-3) specimens following exposure to 60 eV deuterium ions.

Exposure number Total exposure time (min)

Total ion fluence (1024 ion/m?)

Weight gain per exposure (g)

1 60 0.47
2 360 2.82
3 660 5.17
4 960 7.52
5 1160 9.09
6 1460 11.45
7 1760 13.80

of brittle failure. Such surface damage was never observed for the
amorphous specimens, even with much higher deuterium fluences.

Taking into account that some part of the mass loss is compen-
sated by the mass of absorbed deuterium (more details below),
the real thickness of the sputtered layer after exposure 8 might be
somewhat larger than 0.42 p.m. On the other hand, the large weight
loss observed following exposure 7 (560 g) may also have been
caused by the unobserved chipping off of small granules; this may
have occurred for other exposures as well. Thus it is very difficult
to find an estimate of the sputter layer thickness when specimen is
subject to impact of deuterium plasma ions.

The reflectance of specimen AMC-1 was reduced significantly
by the Ar ion bombardment, and this was previously attributed to
the development of surface roughness [14]. Further exposure of
the specimen to 1keV deuterium ions causes an additional drop in
reflectance, see Fig. 3; however, this drop in reflectance was nearly
fully restored by subsequent exposure to 60 eV deuterium ions (9th
exposure in Table 1). This suggests a chemical process similar to
that observed for Be [16,17] and Al [18] mirror specimens, where a
decrease in reflectance was interpreted as being due to an increase
in thickness of an oxide/hydroxide surface layer. The inability of
the low-energy deuterium ions to restore the initial (prior to Ar ion
exposure) reflectance of this particular specimen confirms that the
Ar ions did lead to an increase in surface roughness.

The similarity of the changes in reflectance in response to high
energy deuterium impact (drop in reflectance) and low energy
deuterium impact (recovery of reflectance) to that of Be [16,17]
and Al [18] mirrors is consistent with SIMS results which indicate
that BeO is the main constituent of the surface oxide layer, see
Fig. 4a. Moreover, SIMS depth profiles for amorphous specimens
following bombardment with deuterium plasma ions of different
energies change in a manner very similar to that observed for
Be specimens, i.e, the oxidized layer thickness increases follow-
ing exposure to keV energy ions and decreases following exposure
to low energy ions (~60eV), Fig. 4b. We note that these SIMS
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Fig. 3. Spectral reflectance of a crystallized specimen (AMC-1) measured prior to
the first exposure to Ar ions (dotted line), after the third exposure (blue squares),
and after the eighth (rhombuses), and the nineth (small red circles) when the chips
shown in Fig. 2 have appeared on the surface.

measurements were carried out with specimens of a slightly
different composition than those studied in the present paper:
Zr(46.75)Ti(8.25)Cu(7.5)Ni(10)Be(27.5). We also realize that the
(unknown) relative sensitivities of the various oxides in the SIMS
measurements make this conclusion tentative. However, this result
is in a qualitative agreement with data of XPS (X-ray photoelectron
spectroscopy) measurements on specimens with a similar compo-
sition[19]. The authors of that paper have found that the uppermost
oxide film mainly composed of BeO, in spite of the Be portion in the
bulk of the material is less than 30%.

In Table 2 we outline the deuterium exposure conditions and
observations for the pair of specimens AMA-3 (amorphous) and
AMC-3 (crystallized) fabricated from the same billet. Following the

Time, s

Fig. 4. (a) - SIMS profiles of various metal oxides from the surface of an AMA specimen following exposure in DSM-2 to 1keV Ar ions to a fluence of 1.9 x 10?4 ion/m? for
cleaning samples from contaminants; (b) — SIMS profiles of BeO and ZrO: circles - after cleaning specimen with Ar ions, squares - after cleaning and bombardment with
deuterium plasma ions of 1350 eV energy, rhombuses - after additional exposure to deuterium plasma ions with energy 60 eV; solid points - for BeO and open - for ZrO.
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a) AMA-3

b) AMC-3

Fig. 5. Photos of Zrs1;Ti138Cui25NijgBeza s specimens following exposures to low-energy (60 eV) deuterium ions to a fluence of 7.5 x 1024 ions/m?2: (a) - amorphous sample

AMA-3 (b) - crystallized sample AMC-3.

initial cleaning, the specimens were subjected to 7 exposures to
60 eV deuterium ions at an ion current density of j=20.9 A/m2.

After the 4th exposure, and a total ion fluence of
7.5 x 10%*ions/m?2, the crystallized specimen was found to have
undergone a catastrophic destruction (see Fig. 5b). For comparison,
the amorphous specimen is shown, as it appeared following the
same exposure (in Fig. 5a). Further exposure of specimen AMA-3
to a total fluence of 14 x 1024 ions/m? did not lead to any visible
changes in the mirror surface.

As indicated in Table 2, the amorphous specimen experienced
a continuous increase in mass when exposed to the low energy
deuterium ions. The mass changes for this specimen, and also for
specimen AMA-1, are plotted in Fig. 6 showing a good agreement
to a linear fit. It should be noted that specimen AMA-1 twice expe-
rience short exposures to 1keV deuterium ions; the 1st and 6th
exposures; all others were at 60 eV. Following the 6th exposure, the
specimen experienced a small mass loss (see Fig. 6), as compared
to the situation following the 5th exposure. This indicates that the
mass loss due to sputter erosion by the 1keV ions is greater than
the mass gain due to deuterium uptake.

Assuming all of the weight gain is due to the uptake of deuterium
(and negligible erosion) and D,* ions as the main ion component
in a ECR plasma [20], the data in Fig. 6 corresponds to a uniform
retention of ~13% of the incident deuterium flux. In an earlier study
[13], it was found for specimens of similar composition produced
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Fig. 6. lon fluence dependence of the integrated weight gain (the sum of all previous
weight increases) for amorphous specimens AMA-1 and AMA-3.

by Liquidmetal Technology Corporation (USA) that the uptake deu-
terium fraction increased approximately linearly with ion energy;
from ~5% at 20eV to ~12% at 100 eV. So, the 13% uptake for 60 eV
ions found in the current study can be considered as very similar.
Laser ablation time-of-flight mass spectrometry (LA-TOF-MS)
was also used to measure the comparable deuterium content of two
of the specimens, AMA-3 and AMA-7. The ion exposures experience
by AMA-3 are given in Table 2 and shown in Fig. 6, while AMA-
7 was exposed to a total ion fluence of 1.73 x 1024 ions/m?2, with
the majority, ~92%, at energy 60 eV and the remainder at 1.35 keV.
The total increase in mass for AMA-7 was 220 pg, or about half of
the mass increase experienced by specimens AMA-1 and AMA-3
for the same ion fluence (see Fig. 6), and more than an order of
magnitude less than the total mass gain of these specimens. Each
specimen experienced 22 successive laser pulses on the same spot.
The diameter of the spot was 300 wm, the pulse duration 40 ns, and
the laser beam power ~10° W/cm? at the wavelength 680 nm. With
each laser pulse the layer of ~1.2 wm in thickness was evaporated.
After 22 laser pulses, the crater depth was ~26 pm for both speci-
mens. An example of the mass spectrum taken of the released gases
during the 10th laser pulse for specimen AMA-3 is shown in Fig. 7.
Qualitatively similar spectra were observed for each laser pulse,
with no trend to less D being released with increasing depth. This
tells us that the deuterium penetration into the specimen goes well
beyond the ion implantation depth (few nm for 60 eV D* ions).

4. Discussion

In previous experiments with the DSM-2 plasma exposure facil-
ity where mirror specimens (Be [16,17], Al [18] or amorphous
[14]) were exposed to low-energy ions extracted from a deu-
terium plasma (<60 eV), the increase in thickness of surface oxide
layers has never been observed. On the contrary, when thick
oxide/hydroxide layers existed on specimens, the layer would be
reduced in thickness by the low-energy deuterium ion exposure.
This cleaning process is also observed in the current experi-
ment through the restoration of reflectance following the drop in
reflectance caused by the exposure to 1.35keV ions, see Fig. 3.
Therefore, the gain in weight experienced by the specimens is
attributed exclusively to the absorption of deuterium.

When comparing data on deuterium absorption by Zr-based
amorphous alloys, it is important to note whether hydrogenation
is done electrochemically, by ion implantation, or from the gas
phase. In the latter case, the very important role of gas—surface
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Fig. 7. Mass spectrum of ablated material from the 10th laser pulse for sample
AMA-3 after exposures in deuterium plasma up to ion fluences 13.8 x 1024 ion/m?.

interactions must be taken into account [21], while for ion implan-
tation, the surface interface has a much smaller effect. With
electrochemical hydrogenation, the role of the surface differs
significantly, but the process may still be affected by the existence
of surface oxide layers. To decrease the effect of oxides, Pd coatings
are frequently used [e.g., 22] resulting in hydrogen atoms being
able to diffuse through the surface more freely. Similar coatings
are also used in gas-phase experiments [23].

In Ref. [24], the electrochemical hydrogenation procedure was
applied to an amorphous specimen of the same composition
as used in the current study. By taking into account the spec-
imen dimensions, charging time and current density, and the
final hydrogen-to-metal ratio, H/M ~0.92, we calculate that the
absorbed hydrogen fraction was ~1%. This is much lower than our
value of 13%, however, our average H/M ratio is also much lower.
For the maximum weight gain of our amorphous specimens, ~5 mg
(Fig. 5) and for a specimen mass of ~8.5 g, the average D/M ratio is
~0.018. Thus in our case it appears that we are far from approach-
ing saturation, although we do not have reliable information on the
depth distribution of the deuterium in our specimens.

Our experiments have indicated significant differences in
hydrogen absorption behavior for amorphous and crystalline spec-
imens. In Ref. [25], the authors find a characteristic scale length
for short range order in similar V1 alloys to be 1.5-3 nm. A sim-
ilar size (0.5-2nm) was found for medium range order zones in
TigpZr15Ni15Cuyg amorphous alloy [26]. Furthermore, no change
was observed in either the size or the density of the zone dur-
ing hydrogenation, up to H/M ~ 1.4. This led to the conclusion that
hydrogenation did not affect the structure of the material, and that
it remained amorphous [26].

Recrystallization does radically alter the structure of the mate-
rial. In our experiments it was not possible to identify peaks on
the X-ray diffraction spectrum (Fig. 1) of the recrystallized mate-
rial. However, our spectrum is very similar to those observed in
Refs. [27,28] for an identical amorphous material; this despite dif-
ferences in recrystallization temperature and time: 673K and 15h
in Ref. [27],633 Kand 1h [28] and 773 K and 1 h in our experiment.

Thus we assume that the primary characteristics of the structure
following crystallization are similar; in particular, Be,Zr [26] and
Zr,Cu crystals have been identified. Thus, the crystallization pro-
cess changes the material from uniform structure and composition,
to non-uniform composition and structure.

In the review [29], it was reported that greater mobility and
lower activation energies for diffusion were found in glassy mate-
rials, provided H/M >0.01. Given similar rates of hydrogen uptake
observed for the amorphous and recrystallized materials in our
study, we thus speculate that the D concentration was much higher
in the surface region exposed to the plasma ions for the crystallized
specimens. This would lead to higher near-surface concentration of
D, and consequently, large stresses leading to cracking and fractur-
ing. Hydrogen embrittlement of Zr-based alloys is a well-known
phenomenon [9]; if the hydrogen concentration exceeds the solu-
bility limit at a given temperature, zirconium and titanium hydride
phases appear. The accompanying volumetric changes result in
the formation of microcracks along grain boundaries [9]. In con-
trast, hydrides were not found in an identical amorphous alloy (V1)
following long hydrogen charging by using X-ray diffraction and
transmission electron microscopy [28].

5. Conclusions

A comparison has been made of the effects of deu-
terium plasma exposure on crystalline and amorphous mir-
rors of Zrg1,Ti;38Cui5NijgBesss. For ion fluences as low as
~6 x 1024 D/m?, the crystalline specimens suffered serious damage,
including the complete disintegration of one specimen. However,
mirrors in the amorphous state did not show any visible changes,
even at much higher fluences. Hydrogen embrittlement is a well-
known property of Zr-based alloys, and the difference in the
behavior of the amorphous and crystalline specimens is thought
to be related to the relative ease of hydrogen transport through the
amorphous material, as compared to the crystalline material. This
would lead to much higher D concentrations in the near surface of
the crystalline specimens, and ultimately brittle destruction.

This work has shown that while this amorphous material
may have some favorable properties with regard to erosion due
to charge-exchange atoms, there is a critical difficulty with the
possibility of recrystallization leading to significantly reduced per-
formance. This may rule out the use of the current alloy in large
scale fusion experiments, but we hope that in the near future new
amorphous alloys might be developed with a greater resistance to
recrystallization.
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